Switchgrass (Panicum virgatum L.) is a perennial native North American grass present in two ecotypes: upland, found primarily in the northern range of switchgrass habitats, and lowland, found largely in the southern reaches of switchgrass habitats. Previous studies focused on a diversity panel of primarily northern switchgrass, so to expand our knowledge of genetic diversity in a broader set of North American switchgrass, exome capture sequence data were generated for 632 additional, primarily lowland individuals. In total, over 37 million single nucleotide polymorphisms (SNPs) were identified and a set of 1.9 million high-confidence SNPs were obtained from 1169 individuals from 140 populations (67 upland, 65 lowland, 8 admixed) were used in downstream analyses of genetic diversity and population structure. Seven separate population groups were identified with moderate genetic differentiation [mean fixation index (Fst) estimate of 0.06] between the lowland and the upland populations. Ecotype-specific and population-specific SNPs were identified for use in germplasm evaluations. Relative to rice (Oryza sativa L.), maize (Zea mays L.), soybean [Glycine max (L.) Merr.], and Medicago truncatula Gaertn., analyses of nucleotide diversity revealed a high degree of genetic diversity (0.0135) across all individuals, consistent with the outcrossing mode of reproduction and the polyploidy of switchgrass. This study supports the hypothesis that repeated glaciation events, ploidy barriers, and restricted gene flow caused by flowering time differences have resulted in distinct gene pools across ecotypes and geographic regions. These data provide a resource to associate alleles with traits of interest for forage, restoration, and biofuel feedstock efforts in switchgrass.
into northern Mexico. Upland switchgrass populations are either tetraploid (2n = 4x = 36) or octoploid (2n = 8x = 72), whereas lowland switchgrass is primarily tetraploid with widespread aneuploidy as reported by Costich et al. (2010) . In general, upland switchgrass exhibits better winter hardiness, earlier flowering, and less total biomass accumulation than lowland switchgrass (Casler, 2005; Casler et al., 2007; Vogel et al., 2004) . Previous work has characterized the diversity of northern switchgrass at a genomic level (Evans et al., 2015 , Lu et al., 2013 , but analyses of southern switchgrass populations across a broader geographic range have been limited to a small number of polymerase chain reaction-based markers (Zalapa et al., 2011) . Development of the 1.6 million HapMapv1 SNP set and interrogation of the 537 member Northern Switchgrass Association Panel (Evans et al., 2015) revealed five population groups and reduced genetic diversity in the upland compared with the lowland populations, consistent with the hypothesis that the repeated glaciations in northern latitudes have resulted in reduced genetic diversity in northern latitudes (Soltis et al., 1997) .
The key goal of switchgrass biomass improvement projects is the development of adapted cultivars capable of producing high biomass yield under harsh winter temperatures in northern regions or under high temperatures, periodic droughts, and weathered soils in southern regions. An improved understanding of the genetic diversity and population structure of switchgrass germplasm would enable informed selection of parents to produce better hybrids with optimal performance. Switchgrass is also used frequently for ecological restoration and in such cases, knowledge of genetic relatedness may increase the success of identifying locally adapted accessions for the target areas.
A reference genome for switchgrass derived from 'AP13', an individual genotype selected from the 'Alamo' cultivar, which is a lowland tetraploid switchgrass cultivar native to Texas, is available. It is approximately 1230 Mbp in size and encodes ~98,000 predicted genes (phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Pvir-gatum, accessed 25 Oct. 2017). Switchgrass is a primarily outcrossing species and exhibits inbreeding depression, resulting in a high level of heterozygosity in the genome (Sharma et al., 2012) . Switchgrass also contains many repetitive elements within the nuclear genome, with estimates placing the amount of repetitive DNA at up to 60% (Sharma et al., 2012) . To minimize sequencing of repetitive DNA, an exome capture sequencing probe set was developed that targeted approximately 50 Mb of the exonic regions (Evans et al., 2014) and used to estimate diversity (Evans et al., 2015) , identify loci associated with flowering time (Grabowski et al., 2017) , and develop genome prediction models (Ramstein et al., 2016) .
In this study, exome capture sequencing was used to explore the genic space of 1169 switchgrass individuals, 537 of which were from the Northern Switchgrass Association Panel (Evans et al., 2015) and 632 were from two separate panels of lowland switchgrass, the Southern Switchgrass Association Panel (Acharya, 2014) and the Supplemental Southern Switchgrass Association Panel (this study). In total, the 1169 individuals span 140 populations. The sequencing captured a combined total of ~5,300 Gbp of sequence data yielding a 1,878,584 SNP set, HapMapv2, which had coverage across all 1169 individuals. With the panels encompassing a robust representation of North American switchgrass, seven population groups were identified, enabling genetic diversity estimates in lowland and upland switchgrass. Characterization of distinct gene pools in these seven population groups will provide a foundation for more targeted research in biofuel feedstock development and prairie restoration.
Materials and Methods

Description of Population and DNA Isolation
Metadata associated with the Southern Switchgrass Associational Panel and Supplemental Southern Switchgrass Association Panel are provided in Table 1 . In brief, materials with listed PI numbers originated from the National Plant Germplasm System (http://www.ars-grin. gov/npgs/, accessed 25 Oct. 2017) and the others were collected during 2008. Material without PI numbers represent wild switchgrass populations. Plants used in the Southern Switchgrass Association Panel were grown initially at the University of Georgia, Athens, GA; subsequently, clones were propagated and planted at the Noble Foundation in Ardmore, OK. The Supplemental Southern Switchgrass Association Panel was developed during two collecting trips during August and September 2011 and based on collection of whole leaves from at least 10 widely dispersed plants from each accession. Leaf punches were taken for DNA extraction and sequencing as described previously (Acharya, 2014) . For the Supplemental Southern Switchgrass Association panel, leaf punches were taken from switchgrass plants located near the listed global positioning system coordinates and DNA was extracted using the cetyl trimethylammonium bromide protocol (Saghai-Maroof et al., 1984) .
Exome Capture, Read Alignment, and Read Processing Exome capture sequencing was performed on the individuals with the Roche-NimbleGen SeqCap EZ kit and protocol (Roche-Nimblegen, Madison, WI) as described previously (Mascher et al., 2013) , with the exception that Kapa Biosystems reagents were used for library preparation. Capture was performed using the RocheNimbleGen '120911_Switch-grass_GLBRC_R_EZ_HX1' probe set (Roche-NimbleGen). Capture and sequencing steps were all performed by the Department of Energy Joint Genome Institute, Walnut Creek, CA. Individuals were sequenced on an Illumina Hiseq 2000 platform (Illumina, San Diego, CA), generating 150-nt paired-end reads; 12 samples were sequenced per lane on the flowcell, yielding approximately 3.2 Gb of sequencing data per sample and a total of ~5 Tb of sequencing data. In Table 1 . Metadata on populations within the Northern Switchgrass Association, Southern Switchgrass Association, and Supplemental Switchgrass Association panels used in this study. .65 for that group or Admixed if the q-value was <0.65. In this table, an Admixed population was further classified as Admixed-Upland or Admixed-Lowland if the individuals of that population, albeit with a low q-value, showed ancestry from only the Upland-specific or from only the Lowland-specific population groups, and Admixed-Admixed if the q-value was too low to be defined from only the Upland-specific population group or only the Lowland-specific population group or showed signal from both the Upland and Lowland population groups. ‡ Numbers in parentheses represents the number of individuals assayed from the Southern Switchgrass Association Panel. total, the average depth was ~12.5× for all positions with coverage; filtering of positions with less than 5× coverage resulted in an average depth of 23.5×. Read quality was assessed with FastQC 0.10.0 (www.bioinformatics.babraham.ac.uk/projects/fastqc, accessed 25 Oct. 2017). Reads were processed with CUTADAPT version 1.1 (Martin, 2011) and adaptor sequences and polymerase chain reaction primers removed, but bases with quality below 20 were trimmed and all reads shorter than 35 bases were discarded. The resulting reads were aligned to the hardmasked P. virgatum version 1.1 genome (phytozome. jgi.doe.gov/pz/portal.html#!info?alias=Org_Pvirga-tum, accessed 25 Oct. 2017) using Bowtie version 0.12.7 (Langmead et al., 2009 ) in single-end mode. Unanchored contigs in the reference genome were assigned to "Chromosome Unknown" scaffolds (designated ChrUn1-ChrUn15) to accelerate processing. Only uniquely aligned reads with a maximum of a single mismatch in the first 35 nt were used for subsequent analysis.
Single Nucleotide Polymorphism Detection and Analysis
Reads meeting the filtering and alignment criteria were sorted and indexed with the SORT and INDEX functions of the SAMTools software package (version 0.1.18) (Li et al., 2009 ). The SAMTools MPILEUP command with the -BD and -C0 options was used to generate pileup files, which were then processed with custom Perl scripts to identify sequence polymorphisms. A position was determined as polymorphic if one individual at that position possessed a nonreference allele in at least two reads, with a minimum total depth of five reads, resulting in a set of 37,266,859 polymorphic loci. Alleles that were only represented by single reads were removed as sequencing errors. To generate the high-confidence set of loci used for phylogenetic and population structure analysis, the dataset was filtered to remove loci that were not biallelic, all loci with no reads in any individual, any position with fewer than five reads in 10 or more individuals, and all loci failing to meet the 5% or the minimum of two read polymorphisms. Additionally, at least two individuals were required to meet this criterion to retain the locus, resulting in a final set of 1,878,584 polymorphic loci.
Population Structure Analysis
Population structure analysis was performed with the STRUCTURE program (Pritchard et al., 2000) using 35,857 loci randomly selected from HapMapv2 using the Perl rand() function. STRUCTURE was run for predicted numbers of populations (K-values) from 5 to 11, and was run six times for each K-value with a burn-in period of 10,000 iterations and 2000 Monte Carlo iterations. The inferalpha, computeprobs, and freqscorr corrections were set to 1 and all other options were left at the default values. Analysis was performed with the admixture model with no prior population knowledge. The results from each of the multiple K-runs were then aligned and merged with the CLUMPP version 1.1.2 (Jakobsson and (Francis, 2017; Jakobsson and Rosenberg, 2007) . The best number of K clusters were determined using the ΔK method [Eq. 1], defined as the ratio of the absolute value of the secondorder rate of change of the likelihood distribution to the SD, as detailed by Evanno et al. (2005) .
The true value of K is the modal value of the distribution (Supplemental Fig. S1 ) was determined to be K = 9 across seven distinct population groups with admixed proportions (Supplemental Fig. S2 ). Individuals were assigned to groups with a q-value threshold of >0.65.
To further characterize population differences between and within the lowland and upland ecotypes, the HapMapv2 SNP was further filtered by minor allele frequency (>0.01), which resulted in a total of 472,452 SNPs. Estimates of population differentiation were computed between the lowland and upland ecotypes and for each pair of population groups based on Weir and Cockerham's Fst statistic (Weir and Cockerham, 1984) implemented in VCFtools version 0.1.12b (Danecek et al., 2011) .
Phylogenetic analysis was performed on all SNPs in HapMapv2 using Phylip 3.695 (Felsenstein, 1989) . Genetic distances were calculated with the 'gendist' function with default parameters, and a neighbor-joining tree was created with the 'neighbor' function with default parameters. The resulting tree was visualized and colored according to their population group membership as determined by STRUCTURE via the qqtree package (Yu et al., 2017) implemented in the R environment.
Nucleotide diversity (π) was calculated as described in Nei (1972) using Python scripts with the formula:
A diversity index was calculated across all individuals from the three diversity panels jointly and separately from a subset that included individuals assigned to upland-only and lowland-only populations according to the STRUC-TURE analysis. A position was considered heterozygous only if both alleles were represented by at least 25% of the reads; otherwise, the position was considered homozygous for the predominant allele. Ecotype was determined on the basis of the STRUCTURE results with individuals classified as admixed excluded from the ecotype-specific analysis. An allele was required to be represented by at least 25% of the reads at a position to be considered in the nucleotide diversity analysis.
Genome-wide identity-by-state pairwise distances for the 1169 × 1169 individuals were computed on the filtered dataset using the cluster-mds-plot option in PLINK (Chang et al., 2015; Purcell et al., 2007) . To generate a more independent set of SNPs for multidimensional scaling analysis, the filtered dataset was further pruned by removing SNPs that were in linkage disequilibrium in a given window size of 50 SNPs, a window increment of five SNPs and a r 2 > 0.05. The MDS plot was redrawn with the ggplot (Wickham, 2009 ) package in R version 3.3.2.
Population Group-Specific SNPs
To remove the variants likely to be caused by sequencing error, the less prevalent allele in a biallelic call was removed if it was supported by fewer than 12.5% of the reads overlapping the particular SNP in the particular sample. Single nucleotide polymorphisms that had no nonreference allele call in any individual that could be assigned to a population group were removed. Individuals were scored as present or absent for the nonreference allele at each SNP. Individuals that could not be placed into any population group were ignored. Filtering was done with two different sets of criteria. In one filter, SNPs were retained if the nonreference allele was present in 80% or more of the individuals in the population group(s) or ecotype being compared but present in only 20% or fewer of individuals in all other populations groups or ecotype. In another filter, SNPs were retained if the nonreference allele was found in any number of individuals but completely absent in all other comparators. Venn diagrams were drawn with the R package VennDiagram (Chen and Boutros, 2011) and manually edited.
ANNOVAR version 2016-02-01 (Wang et al., 2010) was used to identify genes with SNPs that were then filtered for SNPs specific for particular ecotypes or population groups with the 80-20% criteria described above. Gene Ontology (GO) enrichment was calculated with the web-based tool, agriGO version 1.2 (Du et al., 2010) and its pre-computed GO annotations for P. virgatum version 1.1 gene models. Enrichment was tested via Fisher's exact test with P-value adjustment via the false discovery rate (Benjamini and Yekutieli, 2001 ) at a significance level of 0.05. Clustering and visualization of enriched GO terms was performed with the web tool REVIGO (Supek et al., 2011) with the SimRel measure for semantic similarity and the whole UniProt database for calculating GO term sizes.
Results and Discussion
Exome Capture Sequencing and SNP Detection
Genetic analyses of exome capture sequencing data with the Northern Switchgrass Association Panel comprising 537 individuals (536 individuals plus the reference genotype AP13) from 66 populations (45 upland, 20 lowland, 1 unknown) have been previously described (Evans et al., 2015) . To provide a broader representation of lowland switchgrass, a Southern Switchgrass Association Panel (Acharya, 2014) , which was composed of 447 individuals (445 individuals plus 'AP13' and 'VS16') from 36 populations (15 upland, 18 lowland, 3 unknown) and a newly generated Supplemental Southern Switchgrass Association Panel composed of 185 individuals from 45 populations (10 upland, 31 lowland, 4 unknown) (Table  1) , was used. Four populations are common between the Northern and Southern Association panels and three populations are common between the Southern and Supplemental Southern panels (Table 1 ). The total composition of the combined panels represents 1169 individuals (1166 samples plus two AP13 reference genotype samples and one VS16 sample (parent of AP13 × VS16 mapping population) from 140 unique populations (67 upland, 65 lowland, 8 admixed) (Table 1) . For the Southern Switchgrass Association Panel and Supplemental Southern Switchgrass Association panels, exome capture sequencing was performed as described previously (Evans et al., 2015) and combined with data from the Northern Switchgrass Association Panel (Evans et al., 2015) to call variants across the full set of 1169 individuals. Initial SNP detection yielded 37,266,859 positions with sequence polymorphisms; after filtering, 1,878,584 high-confidence biallelic loci remained (Supplemental File S1); this SNP set is referred to as the Switchgrass HapMapv2 dataset.
Structure of Switchgrass Populations in the United States
Previous switchgrass diversity analyses attempted to identify and characterize genetic diversity across most of the range of switchgrass in the United States. These studies have shown that the Gulf Coast region is the center of diversity for switchgrass but also that previous characterizations were geographically incomplete (Evans et al., 2015; Lu et al., 2013; Zhang et al., 2011a Zhang et al., , 2011b . Combining two existing panels (the Northern Association Switchgrass Panel and the Southern Association Switchgrass Panel) with a new supplemental southern association panel into a single diversity analysis that provides representation of wild populations, multisite synthetic populations, cultivars, and those from the USDA National Plant Germplasm System collection (Table 1) permitted a more robust estimation of the genetic diversity of switchgrass. Previous results from SNP-based population analyses based on mostly northern accessions indicated the presence of three upland and two lowland population groups (Evans et al., 2015) . In this study, with K = 9 clusters determined to be the most likely in the STRUCTURE analysis (Pritchard et al., 2000) (Supplemental Fig. S2 ), one population group was present with less than 1% probability in all samples, as observed previously by Evans et al. (2015) and is most probably caused by sequencing error. Of the remaining eight populations, four upland population groups, three lowland population groups, and one admixed population (Fig. 1) were identified. Of the 1169 individuals, 62 were classified as belonging to the Lowland Central population group, 134 to the Lowland North group, 212 to the Lowland South group, 101 to the Upland East group, 66 to the Upland Montane group, 156 to the Upland North group, and 160 to the Upland West group, with 278 considered admixed (Supplemental File S2).
Two of the lowland population groups overlap with those previously identified (Evans et al., 2015; Lu et al., 2013) , representing population groups from the eastern US seaboard (Lowland North) and the southern United States (Lowland South). These population groups have a larger representation in the two southern association panels included in this study. The new lowland population group (Lowland Central) represents accessions from the south central United States and the Florida peninsula (Fig. 2) . Two population groups (Upland East and Upland North) overlap with previously identified population groups (Evans et al., 2015; Lu et al., 2013) . With the increased samples in this study, the Upland West population group (Evans et al., 2015) has been separated into two new population groups (Upland Montane and Upland West). Fig. 1 . Identification of seven population groups in US switchgrass. A subset of the 1.9 million single nucleotide polymorphisms (SNPs) from HapMapv2 were subjected to STRUCTURE analysis (Pritchard et al., 2000) , resulting in the identification of seven population groups that correspond to ecotype, ploidy, and geographic distribution. Upland population groups (red, green, yellow, and blue) and lowland population groups (aqua, pink, maroon) show varying degrees of admixture. Black represents the admixed population group. Mixed ancestry (MA) represents individuals with ancestry from the Lowland North group and an unknown group, but with a q-value threshold of <0.65. Fig. 2 . Distribution of switchgrass population groups across the United States. Pie charts represent 117 populations and their per-individual population group membership as determined by STRUCTURE (Pritchard et al., 2000) and were plotted on the basis of geographical distribution. Colors were derived from population groups identified by STRUCTURE as shown in Fig. 1 (Upland West, red; Upland East, green; Upland North, yellow; Upland Montane, blue; Lowland North, aqua; Lowland South, pink; Lowland Central, maroon; admixed, black)). Circle sizes reflect merged population groups that could not be depicted individually because off their overlapping geographic origins. A subset of populations (23) were omitted from the figure because their global positioning system coordinates are not available or could not be verified, or they were synthetic populations or transplant populations.
To verify the results of the STRUCTURE analysis, the full HapMapv2 SNP set was used to calculate the genetic distance between all members of the combined switchgrass panels from which a neighbor-joining tree was constructed (Fig. 3, Fig. S3 ). Consistent with the STRUCTURE results, members from each upland population group formed a tight cluster that was separate from the three lowland population groups, which formed a far larger and more distributed cluster (Fig. 3) . Upland population groups showed a much lower level of genetic distance between individuals and between populations than the lowland population groups, consistent with the hypothesis that upland switchgrass is derived from lowland switchgrass and originated from a smaller, more recent pool of germplasm (Zhang et al., 2011a (Zhang et al., , 2011b . The seven population groups and the admixed samples also show cleared differentiation when plotted with a multidimensional scaling analysis of the linkage disequilibrium-pruned dataset (Fig. 4) .
The amount of genetic differentiation between the two major ecotypes and the population groups was also computed via Weir and Cockerham's Fst estimates (Weir and Cockerham, 1984) . Moderate differentiation with a mean Fst estimate of 0.06 (Table 2) was observed between lowland and upland population groups. Within the lowland population groups, Fst values ranged from 0.05 to 0.07, with the central and southern lowland populations being more closely related (Fst = 0.05). In contrast, Fst values within the upland population groups showed only little genetic differentiation between populations, with Fst values ranging from 0.02 to 0.04 (Table 2) . Fig. 3 . Genetic distance dendrogram for 1169 switchgrass individuals examined in this study. With the neighbor-joining method in Phylip, 1.9 million HapMapv2 single nucleotide polymorphisms (SNPs) were used to measure the genetic distance among all 1169 individuals from the three association panels. Individuals are colored according to their population group assignment as shown in Fig.  1 (Upland West, red; Upland East, green; Upland North, yellow; Upland Montane, blue; Lowland North, aqua; Lowland South, pink; Lowland Central, maroon; admixed, black) in which an individual had to have >65% membership in a population group to be assigned to that group. Four distinct upland population groups and three lowland population groups are evident, with substantially higher genetic distances within lowland individuals and population groups than those observed in upland population groups and individuals.
Upland switchgrass evolved as a separate ecotype from the lowland type about 1 to 1.3 million years ago Zhang et al., 2011b) . During this time, there have been 10 to 12 continental glaciation events, each of which has compressed the range of the species to a narrow geographic region (Bintanja and van der Wal, 2008) . The center of diversity for switchgrass may shift slightly between glacial maxima and minima, but it has remained essentially in the Gulf Coast region for well over a million years. Following each glacial maximum, the glaciers retreated and temperate habitats reappeared, allowing plants and animals to gradually recolonize North America from the Gulf Coast to the Arctic Ocean, a process that required thousands of years and was accomplished only in fits and starts. We hypothesize that the upland ecotype of switchgrass was the only variant that was sufficiently hardy to survive this punctuated recolonization process.
The early flowering trait of upland switchgrass was one of the most important adaptive traits for the recolonization process to move so far north. Indeed, when evaluated in common-garden experiments near 42°N latitude, local upland ecotypes are up to 6 wk earlier in flowering time than southern lowland ecotypes (Casler, 2012 . Ploidy may also have also played a role in this process but it was not solely responsible for the ability of upland switchgrass to colonize the humidtemperate regions of North America, as evidenced by the small frequency of tetraploid upland populations (Lu et al., 2013 , Zhang et al., 2011b . Although this study did not include extensive ploidy determination, several previous reports have shown that tetraploid accessions are fairly rare in the northern range of switchgrass (Lu et al., 2013 , Zhang et al., 2011b , suggesting that the octoploid form was better able to colonize northern habitats across a broad geographic range, as they are hypothesized to be more adaptive (Stebbins, 1985 , Symonds et al., 2010 . Fig. 4 . Multidimensional scaling plot of the genetic distances of switchgrass individuals from the three diversity panels. Pairwise distances for all 1169 individuals were calculated and plotted with the ggplot package in R (Wickham, 2009 ). Color coding is the same as that for the seven populations identified by STRUCTURE in Fig. 1 : Upland West, red; Upland East, green; Upland North, yellow; Upland Montane, blue; Lowland North, aqua; Lowland South, pink; Lowland Central, maroon; admixed, black. 
Population Structure is Largely Explained by Geography
The seven distinct population groups identified in this study can be well explained by their geographic distribution. The majority of the populations included in this dataset have all of their members (individuals sampled from the same location) identified with one ecotype (a threshold q-value of >0.65 in the STRUCTURE analysis); relaxing this threshold to q > 0.5 would have resolved most of the individuals classified as admixed to one of the subgroups. For some admixed populations, all members reflect shared relationships with both ecotypes, mostly from adjacent population groups. For example, members of 'Bullis', 'PMT-785', and 'Mustang-Lake' have proportions of ancestry from the Lowland South and Lowland Central groups, which could have been a result of their geographic proximity with gene flow via seed dispersal. Some individuals from the Lowland North group also have shared ancestry with the Lowland South group, which could have been caused by switchgrass migrating from the south to the northeast via shipments of dry hay (Zhang et al., 2011b) . Conversely, individuals from Lowland North are isolated from upland switchgrass by the Appalachian Mountains, and this geographic barrier could have prevented gene flow between these groups. The close genetic distance between the upland populations can be accounted for by their shared genetic variations when switchgrass migrated from the south. The repeated vicariant events have impacted the gene flow in the upland switchgrass populations with consequent differences in ploidy and in flowering time being factors of reproductive isolation (Grabowski et al., 2017 , Zhang et al., 2011b . This dataset also includes populations known to have been selected for breeding; these have clustered together with their respective ecotypes as expected. 'Sunburst' is a bred cultivar with ancestry mostly from the Upland North and Upland Montane groups. 'Cave-inRock', 'Shelter', and 'KY1625' are natural track cultivars mainly from the Upland East group. 'Blackwell' is from the Upland West group. 'Carthage' is admixed, but the majority of its ancestry can be traced to the Upland West group (the q-values from STRUCTURE analysis ranged from 0.42 to 0.89). 'SW789' is a multisite synthetic with mixed ancestry mostly from the Lowland Central, Lowland South, and Upland North groups. The results of the STRUCTURE (Fig. 1) analysis also recovered a population group with mixed ancestry comprised mainly of the Lowland North group and an unknown population group that includes individuals from the 'OSSP-FL', 'BN-11357-63', 'Pasco-Co-FL', 'HSP-FL', 'Stuart', 'SWFWMD-FL', and 'Citrus-Co-FL' populations. Sampling more individuals from these populations and around their surrounding regions would provide more resolution about this enigmatic population group.
Genetic Diversity Estimations
Nucleotide diversity (Nei, 1972) was calculated for the HapMapv2 SNP set ( Table 3) . As a whole, the switchgrass individuals had a diversity value of 0.0135, which is substantially higher than those reported for M. truncatula (Branca et al., 2011) , rice (Huang et al., 2010) , soybean (Lam et al., 2010) , and maize (Hufford et al., 2012) , reflective of the polyploid and outcrossing nature of switchgrass as well as the highly undomesticated state of the majority of populations examined in this study. In switchgrass breeding programs, natural populations are selected for improved agronomic traits with limited cycles of selection or breeding . Notably, upland switchgrass had substantially lower nucleotide diversity than lowland switchgrass (Table 3) , consistent with the hypothesis of decreased genetic diversity in more northern latitudes (Hewitt, 1996; Soltis et al., 1997) . The reduced genetic diversity in upland switchgrass is also consistent with a population bottleneck, which could explain the current distribution of natural populations attributable to repeated North American glaciation events (Zhang et al., 2011b) .
Genetically Distinct Individuals within Populations and Diagnostic Polymorphisms
Switchgrass breeding populations consist of individual plants collected from the same geographical site and tend to be similar genetically. However, this work identified multiple populations with genetic outliers that clustered with different population groups and sometimes even different ecotypes (Supplemental Table S1 ). These outlier individuals were observed mainly in populations from the Southern Switchgrass Association Panel but were also present in the 'High-Tide', 'SWG39', and 'SW790' populations from the Northern Switchgrass Association Panel. Seed sources for establishment of native prairie or savanna habitats are wind, birds, and mammals (Cheplick, 1998 ). As such, remnant prairie or savanna sites may contain unexpected levels of diversity that can include multiple ploidies, multiple ecotypes, or genotypes with a range of adaptive traits (Lu et al., 2013; Zhang et al., 2011a Zhang et al., , 2011b . Of course, the off-types may represent stock contamination such as that of the Alamo population, which was obtained from the National Plant Germplasm System; this has since been rectified. These off-types may also reflect contamination during sample collection or mislabeling at the time of planting the experiment or when samples were taken for DNA extraction, or could represent pollen contamination during seed propagation, a plausible scenario, given the tendency of switchgrass to outcross. Further work will be required to identify the cause of these heterogeneous switchgrass populations. To facilitate development of informative markers for future efforts with switchgrass genetics and breeding, SNPs were identified where the alternate allele was found frequently in specific population groups (³80% of individuals) but rarely in others (£20% of individuals) ( Fig. 5A ; Supplemental File S3). These initial filtering criteria resulted in very few population group-specific SNPs in comparisons between upland population groups (Fig. 5A) , consistent with the reduced genetic distance (Fig. 3 and Fig. 4 ) and sequence diversity (Table 2) within the upland populations. Correspondingly, more specific SNPs were identified in comparisons between lowland population groups and between upland and lowland ecotypes, reflecting the greater genetic distance between these comparators. The Lowland North and Lowland South groups had higher levels of specific SNPs than the Lowland Central group, consistent with tight genetic clustering of their individuals (Fig. 4) . Overall, filtering for ³80% presence in one group and £20% Fig. 5 . Single nucleotide polymorphisms (SNPs) with the presence or absence of genotypes specific for certain switchgrass population groups or ecotypes. Comparisons were made for (top) lowland groups, (middle) upland groups, and (bottom) between lowland and upland ecotypes. (A) The SNPs were considered to be specific for an ecotype or population group(s) if the nonreference allele was present in ³80% of the individuals but only £20% of other groups. (B) The SNPs were considered specific for an ecotype or population group(s) if the nonreference allele was present in at least one individual but completely absent in other groups.
in other groups removed many SNPs (the total was 1,286,090 SNPs after removing those supported by very few reads) (Fig. 5A) because occurrence of the alternate allele tended to be low. In contrast, filtering instead for the presence in a population group at any frequency and complete absence in any other group retained many more SNPs (Fig. 5B) , suggesting that most SNPs within these switchgrass panels are recent mutations occurring after the formation of ecotypes and population groups.
Among the SNPs present in ³80% in upland individuals and £20% in lowland individuals, significant enrichment was observed for multiple GO terms ( Fig.  6 ; Supplemental File S4). Of special interest were genes associated with the GO terms 'response to hormone', 'protein-chromophore linkage', and 'phospholipid metabolism' (Supplemental Table S2 ). Interestingly, all of the enriched genes associated with the 'response to hormone' term are homologs of Arabidopsis thaliana (L.) Heynh. auxin response factors (ARF), which represent all genes within this GO category (Supplemental Table  S2 ; Supplemental File S4). Mutant studies in A. thaliana have elucidated the functions of several ARFs that span a wide range of auxin-regulated biological processes, some of which could affect upland switchgrass adaptation. For example, in A. thaliana, ARF2 limits seed and leaf size by reducing cell divisions, shortens flowering time, and promotes the onset of leaf senescence (Li et al., 2004; Lim et al., 2010; Schruff et al., 2006) , whereas ARF7 functions redundantly with ARF19 to increase leaf size by maintaining large cell size (Wilmoth et al., 2005) . Thus the switchgrass ARF homologs may be associated with phenological and and morphological differences observed between upland and lowland populations.
The genes annotated as 'protein-chromophore linkage' are homologs of PHYTOCHROME A, PHYTO-CHROME B, and PHYTOCHROME C in A. thaliana (Supplemental Table S2 ), which are proteins that mediate responses to light signals. In rice, double-mutant combinations of phyA, phyB, and phyC reduce flowering time by ~40% when grown in the field under long daylength (Takano et al., 2005) . Furthermore, natural variation in PHYTOCHROME C in A. thaliana is associated with flowering time variation, and PHYTOCHROME C haplotypes are correlated with latitudinal clines (Balasubramanian et al., 2006) . The involvement of phytochrome genes in the control of flowering time in upland switchgrass is consistent with a recent switchgrass genome-wide association study that indicated a role for the photoperiod response gene FLOWERING LOCUS T, in flowering time and a correlation of flowering time with habitat latitude, suggesting an important role for photoperiod sensitivity in controlling flowering time (Grabowski et al., 2017) .
Enrichment of genes associated with the 'phospholipid metabolism' term could involve cold adaptation in upland switchgrass. Cold temperatures reduce membrane fluidity and freezing can destabilize cell membranes. Alterations to cell membrane composition is a component of cold acclimation in plants (Uemura et al., 1995) . Enrichment in two genes encoding aminoalcoholphosphotransferase homologs (Supplemental Table S2 ) may be associated with optimized cell membrane composition in upland switchgrass. Two major components of cell membranes are phosphatidylcholine and phosphatidylethanolamine, two phospholipids synthesized by aminoalcoholphosphotransferase. Overexpression of aminoalcoholphosphotransferase in Brassica napus L. leads to more cold-tolerant plants, and A. thaliana aminoalcoholphosphotransferase is induced by cold treatment and abscisic acid, a phytohormone involved in cold response (Qi et al., 2003) . Future work could test (e.g., by targeted mutagenesis) whether these genes are involved in conferring traits associated with uplands such as smaller plant size, earlier flowering time, and cold tolerance.
Conclusions
This study expands on previous assessments of genetic diversity in switchgrass by including 632 individuals from two additional southern switchgrass association panels to complement the 537 individuals from the northern association panel, thereby providing a more robust assessment of North American switchgrass. Using exome capture sequencing, a high-density SNP set (HapMapv2) containing ~1.9 million SNPs was generated. Coupled with the broader representation of switchgrass germplasm in these three association panels, this study supported previously identified population groups in North American switchgrass while permitting the discovery of two new population groups. These results also demonstrated the extent of diversity within lowland versus upland switchgrass, with the Gulf Coast region being the center of diversity for switchgrass, whereas the limited diversity within upland switchgrass is suggestive of a genetic bottleneck. This study further supports the hypothesis that repeated glaciation events, ploidy barriers, and restricted gene flow caused by flowering time differences have resulted in distinct gene pools across ecotypes and geographic regions. These data can be used to guide breeding and restoration efforts, understand the genes and molecular mechanisms involved in important traits relevant to switchgrass production and adaptation, and further the understanding of the evolution of extant switchgrass diversity.
Data Access
All sequencing reads from the Southern Switchgrass Association Panel and the Supplemental Southern Switchgrass Association Panel used in this study are available from the National Center for Biotechnology Information under project BioProject PRJNA324429 (to be made available on publication). Reads from the previously genotyped Northern Switchgrass Association Panel are available in the National Center for Biotechnology Information under BioProject PRJNA280418. The HapMapv2 matrix and genetic distance dendrogram files in Newick format are available on the Dryad Digital Repository (10.5061/dryad.mp6cp). (Supek et al., 2011) . Each box represents a cluster of highly semantically similar GO terms and boxes of the same color indicate loosely related GO terms. The size of each box is proportional to -log 10 of its false discovery rate-adjusted p-value for enrichment. Numbers in parentheses indicate the number of genes.
Supplemental Information
Supplemental Table S1 . Off-type individuals. Supplemental Table S2 . A subset of the significant gene ontology terms calculated from the genes that overlap single nucleotide polymorphisms that are present in 80% of upland individuals but less than 20% in lowland individuals.
Supplemental Fig. S1 . The absolute value of the secondorder rate of change of the likelihood distribution (
and
(right) show that the modal value of the distribution is K = 9 in this study.
Supplemental Fig. S2 . Population structure differentiation from the STRUCTURE analysis for K groups 5 to 11. Each plot shows the consensus run generated by CLUMPP version 1.1.2 from multiple repeats for each K-value from the STRUCTURE analysis, with default colors from the POPHELPER version 2.2.1 package showing distinct groups.
Supplemental Fig. S3 . The same neighbor-joining tree as shown in Fig. 3 computed with the 1.9 million HapMapv2, with 1169 individuals as tip labels, from the three association panels and presented in ladderized form. Individuals are colored according to the population group assignment as shown in Fig. 1 
